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Abstract

:

The algorithm function designed in this paper can make a car maintain stability during automatic vehicle hold through the model input of multi-level target fluid pressure combined with slope judgment modules of different levels after the automatic vehicle hold software works. At the same time, a complete parking function module is designed, which can monitor the whole parking process in real time. Through the design of this function, the functional diversity of the electro-hydraulic braking system can be increased. When judging that the driver intends to start, the automatic vehicle hold system will automatically release the fluid pressure according to the opening of the accelerator pedal pressed by the driver so that the vehicle does not happen to brake when the vehicle starts in the slippery slope condition. Finally, real vehicle verification proves that the function can effectively meet the parking requirements and start on the flat and on a ramp. Also, it can effectively control the vehicle according to the driver’s driving intention.
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1. Introduction


Today’s automotive industry is gradually getting onboard with the trend for new energy. Automotive braking has also undergone a considerable change. As the traditional vacuum booster slowly withdraws from the automotive braking, the new integrated electro-hydraulic braking system, with its excellent performance and good compatibility [1,2], is increasingly present in the assembly of new energy vehicles. At the same time, significant changes have been made to the automotive braking in some of the auxiliary functions of the car, through the improvement of the braking functional diversity and parking stability, the electro-hydraulic braking system is in line with the development trend of modern automotive parts: lightweight and intelligent.



EHB is the abbreviation of the Electro-Hydraulic Brake System (EHB), which has the advantages of adjustable braking feeling, active pressure build-up, fast response speed, precise hydraulic pressure control [3], and high braking energy recovery rate. Due to the development of electro-hydraulic braking technology [4], there will be more and more assisted driving functions based on braking, such as comfortable parking functions, steep hill descent functions, and emergency braking functions. As a new type of product in the braking industry, EHB will have significant advantages in the future in the country’s and even in the world’s electric vehicles, and the future market will be broad [5]. The composition of the electro-hydraulic braking system is shown in Figure 1 [6].



In some scenarios, the driver parking the car has a relatively high-frequency demand on the automatic vehicle hold (AVH) function. This function reduces the need for the driver to step on the brake pedal for a long time [7]. The AVH function is on when the driver steps on the brake pedal to stop the vehicle, allowing the driver to release the brake pedal. The electro-hydraulic braking system can maintain a certain amount of braking force to keep the vehicle stationary [8].



The autohold vehicle system proposed by Lv Chang presents a concrete structure for the novel auto-hold system of hydrostatic transmission wheeled vehicles and deeply analyses the working mechanism and control method [9]. Some scholars put forward the idea of using a ramp start to replace automatic parking. However, based on the fact that most of the auxiliary functions of a ramp start can only maintain 2–3 s and then release the fluid pressure without detecting whether the accelerator pedal is pressed, although the foot movement time from the brake pedal to the accelerator pedal can be met, it cannot meet all the needs of the driver.



This paper focuses on the design of an automatic vehicle hold software, which can modify the target fluid pressure and target slope of multiple levels to meet stable parking on the flat and slope, which not only meets the driving needs of drivers but also can modify parameters through software rewriting alone to meet the needs of all kinds of vehicles.




2. Automatic Vehicle Hold Function Design Based on the Electro-Hydraulic Braking System


2.1. Electro-Hydraulic Brake System Function


The braking principle of the electro-hydraulic braking system is as follows: when the brake pedal is pressed down [10,11], the pedal will push the actuator to move at the same time, and the pedal displacement sensor integrated into the brake pedal is inputted into the controller of the electro-hydraulic braking system according to the displacement signal of the pedal movement [12]. When receiving the signal from the displacement sensor, according to the driver’s intention to brake, the controller carries out a specific rotation through the system’s motor, which drives the worm gear movement. The worm gear drives the gears and racks to raise the piston of the master cylinder, the brake fluid from the master cylinder goes through the pipeline into the wheel cylinder, which is then clamps to generate braking force, inducing the tire braking [13], to complete the process of a pressure building [14].




2.2. Automatic Vehicle Hold Function Introduction


The EHB system receives signal commands from the vehicle bus and writes its controller into the software using algorithms [15], which can control the target hydraulic pressure for different application scenarios. As an auxiliary function of the vehicle, the EHB determines whether the auto parking condition is reached according to the wheel speed signal after the auto parking function is enabled. The gradient sensor calculates the current parking gradient and outputs the corresponding parking hydraulic pressure according to the angles [16]. When the driver wants to move the vehicle with the accelerator pedal, the auto parking function will judge whether the hydraulic pressure releases or not based on the accelerator pedal’s opening threshold and the motor torque threshold parameter, which can be calibrated to different gradients and can be used for the control of hydraulic pressure. When the driver wants to move the vehicle with the accelerator pedal, the auto park function will judge whether the hydraulic pressure releases according to the accelerator pedal opening threshold and the motor torque threshold parameter.




2.3. Automatic Vehicle Hold Software Functions


The point of how the auto park function works is that the software function will take over parking when the driver presses the auto park button. When it is necessary to start, the AVH system will provide the hydraulic pressure and pressure release according to the driver’s demand [17,18]. In this paper, the function will be modularly modelled and designed using Matlab/Simulink software (R2018b), and all the modules will be integrated and burned into the controller of the EHB after C code generation.



The function consists of modules, such as the enabling judgement unit module, target fluid pressure calculation module, and parking function module. The software contains input and output signals.




2.4. Target Fluid Pressure Calculation Module


The target hydraulic pressure calculation module is the core of the AVH function in the software design. This functional unit calculates the parked hydraulic pressure while judging whether to park or not according to the gradient of the vehicle [19], the gradient rise and fall thresholds, the pre-set hydraulic pressure size of the various grades that need to be kept under pressure, as well as the different grades of the vehicle’s gradient [20]. The drawings which show external and internal diagrams of the calculation module are shown in Figure 2 and Figure 3.



The module unit design logic is structured according to the size of the slope at different levels; in the output of the level corresponding to the parking fluid pressure, when found that the throttle opening degree is 0 and there is a demand for the automatic vehicle hold function, the functional unit will determine the parking demand for fluid pressure based on the vehicle in the slope.



The hydraulic pressure level is pre-set to four levels, the gradient level to three, and the rising and falling thresholds set simultaneously. By comparing the input vehicle gradient, the target hydraulic pressure level will be set to PTarLv1 at the beginning, and when Vehgrd is greater than GrdLv1 the Upgrade Tick will be increased by one, and it will then be compared with the rising threshold value, UpgradeThd. However, if it is still greater than or equal to GrdLv1, then it will enter the Lv2 frame with the target hydraulic pressure level set to PTarLv2, and at the same time the vehicle gradient VehGrd and GrdLv2 size comparison will continue. If VehGrd is less than GrdLv2, then it will return to the Lv1 frame. If it is still greater than then it will enter the Lv3 frame; similarly, it will enter the Lv4 frame when the vehicle locates a gradient that is not less than the Lv3 level of the resident slope. Hydraulic pressure will be a more considerable fluid pressure at the pressure level PTarLv4; if the grade of the ramp is less than Lv3 then it will retreat to the previous grade frame.



The hydraulic pressure can be based on the performance of a specific actual vehicle on the ramp, the threshold value for modification and calibration, while the parameters of PTarLv1, PTarLv2, PTarLv3, PTarLv4, GrdLv1, GrdLv2, and GrdLv3 can be adjusted until they meet the vehicle’s demand. The hydraulic pressure can be regulated in real time according to this logic so that the vehicle can maintain the required parking hydraulic pressure when the angle of the ramp changes.



According to the design of the Matlab/Simulink model used to collate the logic block diagram to facilitate the understanding and analysis of the overall architecture, the later modules—in order to facilitate the reading and understanding of the logic block diagram—will be in the form of the exhibition.




2.5. Parking Function Unit Module


The specific logic of this function unit is as follows: when the AVH function does not request parking, the output pressure switching flag bit value issued is the initial value and the parking target fluid pressure is inputted from the brake pedal, used as the output target fluid pressure.



When the AVH function is enabled and the AVH satisfies the ready state, the AVH release mode signal shows that the vehicle is already in the state of requesting parking. When the AVH function is enabled and the AVH function meets the ready state, it means the failure flag bit signal does not issue an invalid value. At the same time, the AVH release mode signal shows that the brake fluid pressure meets the regular release, and the parking request flag bit will show that the vehicle is in the state of requesting to park when the vehicle’s current gear is not in the P gear. This time, the AVH function can meet the state of pressure preservation.



If the target hydraulic pressure of the AVH function is less than the current hydraulic pressure from the pedal, then the hydraulic pressure value inputted from the brake pedal will be used as the output AVH target pressure; when the target hydraulic pressure of AVH is greater than the target hydraulic pressure inputted from the pedal, then the calculation module will use the PTar of the output AVH function as the output hydraulic pressure value.



When the difference between the calculated output hydraulic pressure and the actual hydraulic pressure is greater than 5 bar, the AVH function will re-calculate the hydraulic pressure demand. When it exceeds the internal time threshold of the system, it will use the maximum hydraulic pressure value of the calculation module at the same time to prevent skidding.



When the pressure switching flag bit signals switching, it means that the driver intends to start, and the AVH function will enter the release mode. The hydraulic pressure gradually releases at this time, and the pressure switching flag bit signal changes to 0. The target hydraulic pressure inputted from the brake pedal will be used as the hydraulic pressure outputted from the AVH function, and when the absolute value of the difference between the target hydraulic pressure of the AVH function and the brake hydraulic pressure of the actual brake pedal pushed down is confirmed to be smaller than 3 bar, at this time the AVH function will re-calculate the hydraulic pressure demand to 3 bar, so that the status of the AVH function is release complete.



When the function is carried out under this module, the AVH status signal, AVH target fluid pressure signal, and fluid pressure switching flag signal are finally output. It is used to monitor the vehicle status during the parking process. The logic block diagram is shown in Figure 4.





3. Park and Start Analysis


3.1. Dynamic Analysis of the Automatic Vehicle Hold Function


The analysis and its modelling are carried out by creating a dynamic model of a vehicle travelling on a ramp on a horizontal road surface [21,22], simulating the forces on the vehicle during acceleration and braking on the ramp.



The Figure 5 shows that the forces on the vehicle on the ramp are driving force     F   t    , rolling resistance     F   f    , air resistance     F   w    , ramp resistance     F   i    , acceleration resistance     F   j    , and braking force     F   b    . The mechanical relationship is shown in Equation (1):


   F t  +  F b  =  F f  +  F w  +  F i   



(1)







Each force relationship can simultaneously be written as Equation (2) [23]:


     T m   i 0  η  r  +   β  T  u max    r  = G f cos γ +    C D  A  v 2    21.15   + G sin γ + δ m   d v   d t    



(2)




where     T   m     is the motor driving torque,     i   0     is the overall gear ratio, η is the mechanical efficiency of the drive line,   r   is the wheel radius, G is the gravitational force acting on the car,   f   is the rolling resistance coefficient,     C   D     is the coefficient of air resistance, A is the windward area, v is the car speed, γ is the ramp angle,   δ   is the car’s rotating mass conversion coefficient,   d v / d t   is the travelling acceleration, m is the car’s weight,     T   u m a x     is the maximum braking torque, and β is the brake pedal opening degree.




3.2. The Variation of Forces during the Starting Process


When the vehicle just starts, we can consider that the acceleration resistance at this time is 0, while the effect of air resistance can be ignored. So the forces on the vehicle at this time are the driving force     F   t    , rolling resistance     F   f    , ramp resistance     F   i     and braking force     F   b    , the variation of force at each stage of automatic vehicle hold is shown in Figure 6. The green line is driving force, and the red line is braking force, the blue line is the sum of rolling resistance and ramp resistance.



0 to P1: When the electro-hydraulic braking system provides brake fluid pressure to prevent the vehicle from skidding according to the current road gradient size fed back by the gradient sensor [24], the torque output from the motor is zero when the vehicle is stationary and not started at the ramp. That is, as shown in Equations (3) and (4):


   F t  = 0  



(3)






   F b  ≥  F i  +  F f   



(4)







P1 to P2: When the driver presses the accelerator pedal, the output torque of the motor increases, and the brake fluid pressure decreases along with the increase of the driving force of the motor, but at this time, when the driving force on the wheels related to the torque of the drive motor cannot overcome the resistance of the ramp, in order to prevent slippery slopes, the force provided by the drive motor and the brake fluid pressure needs to be greater than the resistance of the ramp [25,26]. That is, as shown in Equation (5):


   F t  +  F b  >  F i  +  F f   



(5)







When the driving force on the wheels related to torque of the drive motor is equal to overcoming the resistance of the vehicle on the ramp, as shown in Equation (6):


   F t   =   F i  +  F f   



(6)







P2: at this point, when the driving force is not enough to drive the vehicle forward, brake fluid pressure is required to prevent vehicle skidding that occurs at the critical point.



P2 to P3: when the accelerator pedal continues to be depressed, the motor output torque is high enough at this point, as shown in Equation (7):


   F t  >  F i  +  F j  +  F f   



(7)







At this point, the vehicle can overcome the resistance of the ramp to allow a smooth start, and the hydraulics pressure can be gradually and wholly released.



For vehicles equipped with an electro-hydraulic braking system, in the instance where the driver does not need to operate the vehicle brake system, the automatic vehicle hold function can complete the process of parking and starting according to the ramp information transmitted via the sensor [27], combined with the driver’s parking and start intention. When the vehicle is to be stationary on the ramp, the force is applied as shown in Equation (8):


   F t  +  F b  ≥  F f  +  F i   



(8)








3.3. Automatic Vehicle Hold Control Strategy for the Electro-Hydraulic Brake System


The control strategy as well as the block diagram of the algorithm for the electro-hydraulic braking system is shown in Figure 7.



Stage 1: The EHB obtains whether the road surface on which the vehicle is currently located is a ramp section according to the slope sensor. If it is on a ramp, the EHB will calculate the amount of brake fluid pressure needed in the current state to prevent the vehicle from skidding when parking and starting; if it is on a flat surface, the fluid pressure will be maintained at a pre-set lower level (around 10 bar) to enable the vehicle to be parked stably, and at the same time gradually released to 0 to meet the starting demand when starting.



Stage 2: When the driver has the intention to start at the end of the parking, when the accelerator pedal is pressed down the motor outputs torque Ft. At this time, the EHB reduces the maintained hydraulic pressure according to the output of the motor, and at the same time, according to whether or not the output of the motor is greater than the downward moment of the ramp. If it is greater than that, then the EHB reduces the hydraulic pressure to zero, and the vehicle starts up smoothly.



Stage 3: If the motor output torque is not enough to start the vehicle, the EHB still provides brake fluid pressure to ensure that the braking force and the motor output torque should always be greater than the downhill movement of the vehicle. Otherwise, it will lead to a downhill situation. When the motor output has been increasing, EHB reduces the brake fluid pressure provided until the motor output torque is greater than the resisting torque of the vehicle sliding down, and the hydraulic control fluid pressure reduces to 0 to ensure the vehicle starts.





4. Real Vehicle Tests


The AVH model constructed in this paper is used to generate C code via Simulink software (R2018b), and the integrated software in the S19 format generates code through the compilation process.



The software is burned into the controller of the EHB through the OBD interface of the whole vehicle via the host computer and PCAN line, which is used to verify whether the software can effectively make the car park and start smoothly, and at the same time, to carry out the observation of the effect of the road test. The equipment needed for the actual vehicle test includes the OBD cable (responsible for the connection node between the vehicle and the external communication), PCAN cable (used for the data channel connection between the computer and the vehicle network), and the laptop (used for the calibration of the parameters in the software, turning on or off the relevant function flags, and recording and replaying the driving parameters).



In this paper, the test vehicle is a battery electric vehicle used to verify the software’s function—the vehicle’s specific parameters are shown in Table 1.



4.1. Automotive Vehicle Hold Function Verified without Slope Condition


By verifying the automatic vehicle hold function of the whole vehicle on a relatively flat road, the AVH model can observe the vehicle speed, hydraulic pressure, accelerator pedal opening, brake pedal status and other signals to observe the state of the vehicle in the functional operation. It can also analyse the data to make corresponding improvements. The experiment is as follows:



Firstly, verify the vehicle braking status when AVH is not enabled, as shown in Figure 8.



When the AVH function is not enabled, and the car brake pedal is pressed, the brake pedal status changes from 0 to 1, the fluid pressure rises, and, at this time, the vehicle speed reduces to 0. When the brake pedal is pressed, the vehicle does not move. When the brake pedal lowers, the car does not move under the action of no brake fluid pressure because the gear is in D, simulating the fuel car idling mode; the torque of the drive motor is not zero but idles so the speed of the car changes. Without braking force and without taking the protective measures of shifting gears or pulling up the electronic handbrake, the vehicle moved.



As shown in Figure 9, the vehicle in the accelerator pedal opening and drive motor torque response and feedback also matches the state of the vehicle’s acceleration, and at the same time, in the absence of the accelerator pedal being pressed due to the setting of the idling mode, the drive motor torque is not zero, which meets the needs of the vehicle test.



When the AVH function is switched on, the vehicle brakes again to monitor whether the automatic vehicle hold function could help the driver with parking needs. The experiment is as follows (Figure 10).



Figure 10 shows that with the software function enabled on level ground, at 0–1 s, the brake pedal status signal goes from 1 to 0, indicating the process of the pedal going from depressed to lowered; hydraulic pressure decreases with the increase of the throttle opening when it considers that the vehicle has the intention to start. At 1–3 s, the vehicle speed reaches a maximum of 8 km/h through the change of the level of the accelerator pedal pressed. At 3–5 s, the hydraulic pressure rises by depressing the brake pedal, and the vehicle speed decreases to zero. During 5–8 s, the brake pedal status is always 0, which means the brake pedal did not press. The fluid pressure maintains 10 bar, and the vehicle speed maintains 0. At this time, it can be seen that the automatic vehicle hold function can help the driver maintain the parking status through the software.




4.2. Validation of the Automatic Vehicle Hold Function under Ramp Conditions


After verifying that the vehicle can carry out the automatic vehicle hold function in the no-slope condition, this time, to verify whether the automatic vehicle hold function on the ramp can complete the same parking action, based on the hydraulic force required on different slopes to maintain pressure to achieve the automatic vehicle hold function, the experiment is shown in Figure 11 and Figure 12.



According to Figure 12 and Figure 13, which show Acc-pedal opening, Brake pedal status, and Slope angle, and Vehicle speed, AVH active status, and Hydraulic pressure, respectively, when the vehicle is travelling on a 7% slope, in the period of 0–4 s, as the driver depresses the accelerator pedal the vehicle speed rises at a constant rate, the brake fluid pressure is kept at 0, and the gradient where the vehicle is located varies according to the actual gradient conditions. At 4–7 s, the brake pedal status signal changes from 0 to 1, showing that the driver steps on the brake pedal. At this time, hydraulic pressure rises, and the vehicle speed is about to fall to zero. The AVH active status signal changes from 0 to 1, indicating that the AVH function is in a state of pressure preservation. When the driver releases the brake pedal, at this time, the vehicle still meets the hydraulic pressure. When the driver releases the brake pedal, the vehicle still meets the hydraulic pressure state. The vehicle speed does not change until the driver steps on the accelerator pedal. Hydraulic pressure gradually fades, the AVH active status signal changes from 1 to 0, the vehicle speed rises, and the vehicle completes the starting action.



Figure 13 and Figure 14 show, respectively, The acc-pedal opening, Brake pedal status, and Slope angle, and Vehicle speed, AVH active status, and Hydraulic pressure. When the vehicle is travelling on a 15% ramp, the driver depresses the accelerator pedal. During 0–5 s, the vehicle speed rises at a constant rate, the hydraulic pressure remains at 0, and the ramp angle changes according to the actual ramp conditions.



At 5–9 s, the driver steps on the brake pedal, and the brake pedal status signal changes from 0 to 1. The brake fluid pressure rises and the vehicle speed is about zero. For the sensor, when the vehicle rises at a constant speed on the ramp, the angle value of the ramp sensor remains unchanged. In contrast, when the vehicle is under braking conditions, the value of the slope sensor will change according to the actual situation due to the sudden change in the acceleration of the vehicle. When the vehicle is stable, the sampling value of the sensor will regress to the actual slope angle, which is in line with the actual situation.



In the 7–11 s period, the AVH active status signal changes from 0 to 1, indicating that the AVH function at 9–11 s is pressure preservation when the driver releases the brake pedal. The vehicle still meets the hydraulic pressure required to maintain the vehicle parking status. The vehicle speed does not change until 11 s, after the driver steps on the accelerator pedal to end the parking status. The AVH active status signal changes from 1 to 0. At this time, the hydraulic pressure gradually fades away, the vehicle speed rises, and the vehicle completes the start-up action.





5. Conclusions


The innovations and main points of this article include the following five main points:




	(1)

	
Based on the platform of the electro-hydraulic braking system, the automatic vehicle hold function software is designed to improve the driver’s leg convenience and reduce the risk of skidding on ramps when the vehicle is parked and started. In this paper, a complete automatic vehicle hold system is designed by building a Simulink/Matlab model to ensure the vehicle is stably parked and started on flat ground and ramps.




	(2)

	
The software function designed in this paper can preset the target hydraulic pressure directly through calibration. At the same time, multi-level ramp angle switching to different target hydraulic pressure module designs meets the needs of the vehicle parked at different ramp angles, increasing the adaptability of the software to facilitate the vehicle test and the optimisation of hydraulic parking control for the electro-hydraulic braking system.




	(3)

	
Based on the functional software designed in this paper, the systen can compare the automatic start of the car without the software by using the functional software. After using the functional software, the vehicle holds and starts entirely according to the driver’s driving intention. According to the experiment, there is no slope slip. At the same time, unlike the slope start assistance function, the traditional function can only provide 2–3 s of brake fluid pressure, while this function can make the vehicle move when the driver intends to start.




	(4)

	
Different from other research on automatic vehicle hold functions, this paper does not involve the design of auto parts in this research. The research focus of this paper is the feasibility of starting and parking based on the logic strategy of the software, and participates in the research of the software by analysing the parking logic, and finally confirms the automatic vehicle hold function’s reliability through the experimental results of different levels of ramps.




	(5)

	
Because this paper is only based on the Matlab/Simulink logic framework designed to verify the function of an automatic vehicle hold, it needs to show a complete hydraulic pressure control model. However, because the Matlab/Simulink module for hydraulic pressure control is too large and complex, this paper will not introduce it.
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	Abbreviation
	Full Title



	AVH
	Automatic Vehicle Hold



	EHB
	Electro Hydraulic Brake System



	Thd
	Threshold Value



	Grd
	Gradient



	Lv
	Level



	PTar
	Target Pressure



	Veh
	Vehicle
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Figure 1. Physical diagram of the electro-hydraulic braking system. 
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Figure 2. External diagram of the calculation module. 
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Figure 3. Internal diagram of the calculation module. 
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Figure 4. Block diagram of park function module. 
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Figure 5. Vehicle automatic parking force diagram. 
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Figure 6. Variation of force at each stage of automatic vehicle hold. 
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Figure 7. Flowchart of automatic vehicle hold strategy. 
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Figure 8. Parking diagram when AVH is not enabled under no-slope condition. 
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Figure 9. Relationship between accelerator pedal and torque output. 
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Figure 10. Parking diagram with AVH on under no-slope conditions. 
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Figure 11. Parking diagram at 7 percent gradient (a). 
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Figure 12. Parking diagram at 7 percent gradient (b). 
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Figure 13. Parking diagram at 15 percent gradient (a). 
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Figure 14. Parking diagram at 15 percent gradient (b). 
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Table 1. Table of test vehicle parameters.
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	Parameter Name
	Numerical Value
	Parameter Name
	Numerical Value





	Mass of vehicle
	1220 kg
	Total motor torque
	120 Nm



	wheelbase
	2260 mm
	Tyre radius
	0.285 m



	Front track width
	1470 mm
	Height of centre of mass
	0.48 m



	Rear track width
	1460 mm
	Moment of inertia
	1490 kg·m2



	coefficient of drag
	0.35
	Front area
	2.2



	Correction coefficient of rotating mass
	1.3
	Main Reducer Ratio
	7.6



	Rolling resistance coefficient
	0.011
	Mechanical efficiency of the transmission system
	0.91
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